Introduction {#Sec1}
============

Somatic cells can be transformed into induced pluripotent stem cells (iPSCs) functionally equivalent to embryonic stem cells (ESCs) by simultaneously introducing four transcription factors (TFs) Oct4, Sox2, Klf4, and c-Myc \[[@CR1]--[@CR3]\]. The critical role of these factors in maintaining pluripotency is highlighted by the fact that cell differentiation is enhanced when these pluripotent factors are suppressed \[[@CR4], [@CR5]\]. Recent studies have led to the identification of additional TFs and microRNAs (miRNAs) that can also affect the pluripotency and self-renewal capacity of iPSCs \[[@CR6], [@CR7]\].

Now, several studies have indicated that epigenetic modifications regulate stem cell fate decision and development \[[@CR8]--[@CR10]\]. One of the hotspots in epigenetic regulation, N6-methyladenosine (m^6^A) mRNA methylation, has been observed during embryogenesis and is believed to be involved in the regulation of stem cell development \[[@CR11]\]. However, the role of post-transcriptional modifications of RNA, including 7-methylguanosine (m^7^G), in the regulation of hiPSCs fate remains unclear. METTL1 is an m^7^G RNA methyltransferase, and mutations in the human m^7^G methyltransferase complex METTL1/WDR4 can lead to primordial dwarfism and brain malformation \[[@CR12]\]. Our previous study found that METTL1-mediated m^7^G tRNA modification regulates mRNA translation and the self-renewal, pluripotency, and neural lineage differentiation in mouse embryonic stem cells (mESCs) \[[@CR13]\]. However, the differentiation of hiPSC is accompanied by the translational regulation of multiple genes \[[@CR14], [@CR15]\]. Thus, we hypothesize that METTL1 may also play an important role in hiPSC pluripotency and differentiation.

In this study, we investigated whether METTL1-mediated m^7^G methylation regulates pluripotency of hiPSCs. We find that METTL1 knockdown (KD) significantly decreased cell viability and changed the cell cycle of hiPSCs. Moreover, METTL1 KD significantly accelerates hiPSC differentiation toward the mesoderm fate and suppressed neuroectoderm differentiation in vitro. Most importantly, compared with control hiPSCs, METTL1-KD hiPSCs significantly enhance teratoma formation in vivo by promoting cell proliferation and angiogenesis in nude mice. Therefore, our study revealed that METTL1-mediated m^7^G modification regulates hiPSC pluripotency and differentiation, providing novel insights into vascular development and the treatment of vascular diseases.

Materials and methods {#Sec2}
=====================

Chemical reagents and antibodies {#Sec3}
--------------------------------

The chemical reagents and antibodies used in this study are listed in the Supplementary Table [S1](#MOESM6){ref-type="media"} and Supplementary Table [S2](#MOESM6){ref-type="media"}.

Cell culture {#Sec4}
------------

HiPSCs and hESCs were maintained in matrigel-coated plates in mTeSR1 medium and under standard cell culture conditions. Cells were passaged every 4 to 5 days. 293T cells were maintained in DMEM supplemented with 10% FBS. All cells were maintained at 37 °C in a humidified 5% CO~2~ incubator. The detailed list of cell lines and mediums used for cell cultures was provided in the Supplementary Table [S1](#MOESM6){ref-type="media"} and Table [S3](#MOESM6){ref-type="media"}.

Knockdown of METTL1 in hiPSCs with shRNA lentivirus {#Sec5}
---------------------------------------------------

The lentivirus expressing METTL1-targeting shRNAs has been previously described \[[@CR13]\]. Briefly, 293T cells were transfected with the appropriate lentiviral vector using the Lipofectamine 3000 reagent (Invitrogen) according to the manufacturer's instructions. The pLKO.1-shMETTL1-1 and pLKO.1-shMETTL1-5 vectors were used for METTL1 knockdown. The target and packaging plasmids TAT, HEPM2, RAII, and VSVG were used at a 4:1:1:1:1 ratio. Cells transduced with pLKO.1-shGFP viruses were used for control. Cell transduction was performed using polybrene. The transduced cells were selected with 1 μg/ml puromycin for 5 days.

HiPSC self-renewal and proliferation analysis {#Sec6}
---------------------------------------------

To determine the proliferation capacity of hiPSCs, cells (2 × 10^4^) were seeded in 6-well plates, and the cell numbers were quantified on days 3, 5, and 7. For the colony formation assay, 500 cells were seeded in 6-well plates, followed by colony size and number quantification on day 7. Alkaline phosphatase staining was performed using an alkaline phosphatase detection kit (Merck Millipore, SCR004) following the manufacturer's instructions. Briefly, 4--5 days after culturing cells on coverslips, cells were fixed with 4% paraformaldehyde for 1 min at room temperature. After washing with PBS, the cells were incubated with working buffer 15--45 min at room temperature and protected from light, followed by microscopy.

RT-PCR and quantitative PCR analysis of gene expression {#Sec7}
-------------------------------------------------------

Total RNA was isolated using TRIzol, and cDNA synthesis was performed using \~ 600 ng of RNA and the all-in-one RT MasterMix kit (TransGen Biotech). For the qRT-PCR, the Step One Plus PCR system and SYBR Green Master Mix were used. All the relative gene expression was calculated using the function of comparative cycle threshold (Ct) and analyzed by 2^−ΔΔCt^ method. The primer sequences used in this study are listed in the Supplementary Table [S4](#MOESM6){ref-type="media"}.

Immunoprecipitation-Western blot {#Sec8}
--------------------------------

Cells were lysed in RIPA buffer containing protease inhibitors, and \~ 40 μg of protein was resolved by 10% SDS-PAGE. Proteins were then transferred onto PVDF membranes and blocked with 5% BSA in TBS-T. Membranes were probed overnight at 4 °C with primary antibodies against METTL1, FLAG, OCT4, SOX2, Nanog, CyclinD1, CyclinD2, CDK2, and ACTB. After washing, the membranes were incubated with the appropriate secondary antibody, and protein bands were visualized using the ECL system (Thermo Scientific).

Determination of cell cycle analysis by flow cytometry {#Sec9}
------------------------------------------------------

Cells were harvested using Accutase and fixed in ice-cold 70% ethanol overnight. Cells were stained with PI for 30 min, followed by flow cytometry analysis (Beckman Coulter, MoFlo Astrios EQ). Flow cytometry data were analyzed using Summit v. 5.3.

Determination of m^7^G modification by Northwestern blot {#Sec10}
--------------------------------------------------------

Northwestern blot was performed to assess m^7^G modifications among METTL1-KD and control hiPSCs. RNA (\~ 2 μg) was incubated in 2× TBE loading buffer at 95 °C for 5 min and then loaded onto 10% polyacrylamide-TBE urea gels. After electrophoresis, RNAs were transferred onto positively charged nylon membranes and UV-crosslinked. Membranes were probed with anti-m^7^G antibodies, and signal was detected using the ECL system.

Determination of translation efficiency by sucrose-gradient centrifugation and polysome fractionation {#Sec11}
-----------------------------------------------------------------------------------------------------

Sucrose-gradient centrifugation and polysome fractionation were used to assess the impact of METTL1 silencing on the translation efficiency of stem cell markers. Cells (2 × 10^7^) were lysed in polysome cell extraction buffer on ice (the components are listed in the Supplementary Table [S5](#MOESM6){ref-type="media"}), followed by centrifugation at 13,000×*g* for 15 min at 4 °C. Samples were loaded onto a 10--50% sucrose gradient and centrifuged at 36,000×*g* and 4 °C for 2.5 h. The polysome fraction was collected for qRT-PCR analysis. The relative translation efficiency was calculated by normalizing the mRNA levels in polysome fraction to the mRNA of gene expression.

Induction of embryoid bodies (EBs) {#Sec12}
----------------------------------

To estimate the role of METTL1 in hiPSC differentiation in vitro, EB formation assay was performed as previously described \[[@CR16], [@CR17]\]. Briefly, hiPSCs were digested with Accutase, and 4 × 10^3^ cells/well were seeded in 96-well spheroid microplates (Corning, Cat \#4515) in KO-DMEM medium supplemented with 10% KSR, 1% NEAA, 1 mM L-Glutamine, 50 μM 2-ME, and 10 μM Y-27632. Cells were incubated for 6 days, and the medium was refreshed daily.

Induction of teratoma formation {#Sec13}
-------------------------------

To evaluate the role of METTL1 in hiPSC differentiation in vivo, animal experiments were performed in accordance with the guidelines provided by the First Affiliated Hospital of Sun Yat-sen University. Four-week-old BALB/C nude male mice were purchased from GemPharmatech Co. Ltd. (Nanjing, China). Mice were subcutaneously injected in the flank with 200 μl of PBS containing hiPSCs (6 × 10^6^ cells). At 6 weeks post-injection, teratomas were extracted from the nude mice for histological analyses.

Determination of the expression of CD31 and SM22α by immunofluorescent staining {#Sec14}
-------------------------------------------------------------------------------

Tissue slides were fixed using 4% paraformaldehyde for 10 min and incubated with the rabbit anti-CD31 and mouse anti-SM22α antibodies overnight at 4 °C. Subsequently, sections were incubated with Alexa Fluor 488-conjugated donkey anti-rabbit IgG (1:400) or Alexa Fluor 594-conjugated donkey anti-mouse IgG (1:400) antibody for 1 h. Nuclei were counterstained with DAPI for 5 min. Coverslips were sealed and visualized under a confocal microscope (Zeiss).

Determination of three layers and generation of teratomas by immunohistochemistry {#Sec15}
---------------------------------------------------------------------------------

Teratoma tissues were fixed in 4% paraformaldehyde at 4 °C overnight, and then embedded in paraffin and sectioned (7-μm thickness). Hematoxylin and eosin staining was performed on the sections. Tissue sections were also subjected to immunohistochemistry for Pan-CK, NeuN, vimentin, CD 31, and Ki67.

Identification of METTL1-regulated genes by RNA sequencing (RNA-seq) analysis {#Sec16}
-----------------------------------------------------------------------------

A total of 2 μg RNA per sample was used for RNA sequencing (at least two replicates per sample). A complementary DNA library was prepared, and sequencing was performed by Beijing Annoroad Gene Technology Co. Ltd. After adaptor trimming and low-quality sequence filtering, the reads were mapped to the human reference genome version. Bowtie2 v2.2.3 was used for building the genome index, and sequences were then aligned to the reference genome using HISAT2 v2.1.0. Read counts were determined by HTSeq v0.6.0, and FPKM (fragments per kilobase million mapped reads) was then calculated to estimate the expression level of genes in each sample. The raw counts were then converted to reads per kilobase per million mapped reads (RPKM) using edegR. Genes with *q* ≤ 0.05 and \|log2_ratio\|≥ 1 were identified as differentially expressed genes (DEGs).

Gene ontology (GO) and KEGG enrichment analysis {#Sec17}
-----------------------------------------------

Functions of METTL1-regulated DEGs were analyzed by GO and KEGG in the Database for Annotation, Visualization, and Integrated Discovery (DAVID) (<https://david.ncifcrf.gov/summary.jsp>) \[[@CR18]\] . GO enrichment analysis can predict the functional roles of DEGs associated with METTL1 knockdown in hiPSCs. GO enrichment in DEGs was assessed using the hypergeometric test, which uses the genes in the whole genome as background. GO terms with *q* \< 0.05 were considered to be significantly enriched. KEGG analysis can define the pathways related to the DEGs associated with METTL1 knockdown. It was performed using the hypergeometric test, in which *P* values were adjusted for multiple comparisons, providing *q* values. KEGG terms with *q* \< 0.05 were considered to be significantly enriched.

Quantification and statistical analysis {#Sec18}
---------------------------------------

All statistical analyses were performed using the GraphPad Prism 7.0 software (GraphPad Software, La Jolla, CA, USA). All results are representative of at least three independent experiments unless stated otherwise. The normality of the data was assessed using the Shapiro-Wilk test, while equality of group variance was assessed using the Brown-Forsythe test; these tests were performed using SigmaPlot 14 (Systat Software, San Jose, CA). Data are presented as the mean ± SEM of the biological replicates. Comparisons between two groups were performed by unpaired, two-tailed *t* test, while more than two groups were compared using one-way ANOVA followed by Bonferroni's post hoc test or by two-way ANOVA. *P* values were two-tailed, and values \< 0.05 were considered as statistically significant. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.

Results {#Sec19}
=======

Gene expression profiling in METTL1 knockdown hiPSCs {#Sec20}
----------------------------------------------------

To study the function of the tRNA m^7^G methyltransferase METTL1 in hiPSCs, METTL1 expression was silenced in hiPSCs using lentivirus expressing METTL1-targeting shRNAs (METTL1-KD). Pooled clones were selected, and knockdown efficiency of METTL1 was confirmed by qRT-PCR and western blot (Fig. [S1](#MOESM1){ref-type="media"}a).

RNA-seq analysis in hiPSCs led to the identification of 6426 DEGs, 2301 (6%) of which were upregulated, whilst 4125 (11%) were downregulated when METTL1 was silenced (Fig. [1](#Fig1){ref-type="fig"}a, b). Furthermore, KEGG pathway analysis showed that numerous pathways associated with stem cell regulation were significantly downregulated, including p53 signaling pathway, cell cycle, and the signaling pathways regulating stem cell pluripotency in METTL1-KD hiPSCs (Fig. [1](#Fig1){ref-type="fig"}e). Consistent with the pathway analysis, gene ontology (GO) enrichment analysis of the genes downregulated in METTL1-KD hiPSCs showed enrichment in regulation of transcription (DNA-templated) and cell division (Fig. [1](#Fig1){ref-type="fig"}f). Otherwise, in the upregulated pathways enriched by KEGG, we found that it is mainly related to immune responses, including systemic lupus erythematosus, graft-versus-host disease, and antigen processing presentation (Fig. [S1](#MOESM1){ref-type="media"}c). qRT-PCR was performed to assess the expression of 5 representative genes differentially expressed following METTL1 silencing, which confirmed the reproducibility of our RNA-seq findings (Fig. [1](#Fig1){ref-type="fig"}c, d). Fig. 1Identification of METTL1-regulated genes by RNA-seq analysis in hiPSCs. HiPSCs were transduced with shRNAs-METTL1, and pooled clones were selected. **a** Volcano plot illustrating differentially expressed genes (DEGs) between control and METTL1 knockdown (KD) hiPSCs. Genes upregulated and downregulated are shown in yellow and blue, respectively. Values are presented as the log2 of tag counts. **b** A total of 37,404 genes were differentially expressed, of which 2301 (6%) were upregulated and 4125 (11%) were downregulated in METTL1-KD hiPSCs. **c** Heatmap showing DEGs involved in stem cells pluripotency pathways. Each lane corresponds to an independent biological sample. Scale bar: log2 FPKM. **d** qRT-PCR analysis assessing the mRNA levels of genes involved in pluripotency, in control and METTL1-KD hiPSCs. **e** KEGG pathway analysis of genes downregulated in METTL1-KD hiPSCs. **f** Gene ontology (GO) functional clustering of genes downregulated in METTL1-KD hiPSCs; the top 4 most significant biological processes are shown. **g** qRT-PCR validation analysis shows the mRNA expression fold change of neuroectoderm-, endoderm- and mesoderm-specific genes in METTL1-KD vs. control hiPSCs. Data are presented as the mean ± SEM from three independent experiments. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001

Additionally, a heatmap of downregulated genes revealed enrichment in neuroectoderm markers that are involved in neuronal cell development and differentiation (Fig. [S1](#MOESM1){ref-type="media"}b). Consistent with the RNA-seq data, qRT-PCR verification showed that the expression of neuroectoderm-specific genes was downregulated in hiPSCs upon METTL1 silencing, whereas mesoderm- and endoderm-specific genes were expressed at higher levels (Fig. [1](#Fig1){ref-type="fig"}g). Of note, the downregulation of ISL1 is consistent with its expression pattern in endoderm and mesoderm/cardiogenic lineages as well as in neural stem cells \[[@CR19], [@CR20]\]. Taken together, these data suggested a role of METTL1 in maintaining hiPSC self-renewal and pluripotency.

METTL1 promotes proliferation required for hiPSC self-renewal by regulating cell cycle {#Sec21}
--------------------------------------------------------------------------------------

We then assessed the relevance of METTL1-mediated m^7^G tRNA modifications in hiPSC proliferation and self- renewal using two different single-cell METTL1-KD hiPSC clones (Fig. [2](#Fig2){ref-type="fig"}a, b). We found that METTL1-KD cells proliferated slower compared with control hiPSCs (Fig. [2](#Fig2){ref-type="fig"}c). Moreover, cell cycle analysis revealed that the percentage of cells in the G2 phase was significantly higher in METTL1-KD hiPSCs compared with control cells (Fig. [2](#Fig2){ref-type="fig"}d, e). We also found that the mRNA and protein levels of critical cell cycle regulators were significantly altered in METTL1-KD hiPSCs (Fig. [S2](#MOESM2){ref-type="media"}a, b). Fig. 2METTL1 is essential for hiPSC self-renewal and pluripotency. Different METTL1-KD hiPSC single-cell clones were selected, and two clones were used for further analyses. **a** qRT-PCR analysis of METTL1 mRNA expression in control and METTL1-KD hiPSC. **b** Western blot of the control and METTL1-KD samples with indicated antibodies. **c** Cell proliferation in control and METTL1-KD hiPSC. The cell numbers were quantified after 3, 5, and 7 days of culture; *n* = 3. **d**, **e** Cell cycle analysis in METTL1-KD and control hiPSC. **f**, **g** Colony formation assay of control and METTL1-KD hiPSC. Colony size and numbers were measured at day 7. **f** Representative images of the colonies. Scale bar, 100 μm. **g** Colony diameter and number quantification. **h**, **i** Alkaline phosphatase (AP) staining of control and METTL1-KD colonies. **h** Representative images; scale bar, 100 μm. **i** Percentage of AP positive colonies. The data are presented as mean ± SEM; *n* = 3; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001

Morphological analysis revealed that silencing of METTL1 resulted in flat colonies with increased surface area, as well as reduced the number of colonies (Fig. [2](#Fig2){ref-type="fig"}f, g). Notably, the cells found in the periphery of METTL1-KD hiPSC colonies appeared to be partially differentiated (blue arrows in Fig. [2](#Fig2){ref-type="fig"}f). A similar phenomenon was also observed in METTL1-KD hESCs (Fig. [S2](#MOESM2){ref-type="media"}c), suggesting that METTL1 knockdown leads to a loss of self-renewal and promotes stem cell differentiation.

Since high levels of alkaline phosphatase (AP) can be used as a marker of undifferentiated state in stem cells \[[@CR21]\], we sought to perform AP staining assays. We found a significant decrease in the AP-positive population in METTL1-KD hiPSCs (Fig. [2](#Fig2){ref-type="fig"}h, i). These data confirmed the critical role of METTL1 in maintaining stem cell self-renewal and preventing spontaneous differentiation.

METTL1-mediated m^7^G methylome is required for hiPSC pluripotency by regulating the translation of stem cell markers {#Sec22}
---------------------------------------------------------------------------------------------------------------------

Since RNA-seq analysis indicated that signaling pathways regulating stem cell pluripotency were downregulated in METTL1-KD hiPSCs, the expression of pluripotency marker genes following METTL1 knockdown was investigated. We found that METTL1 downregulation resulted in only minor changes in the mRNA levels of stem cell markers Oct4, Nanog, and Sox2. However, protein levels of these markers were drastically decreased in METTL1-KD cells (Fig. [3](#Fig3){ref-type="fig"}a, b). Similar results were observed in two different hESC lines (Fig. [S3](#MOESM3){ref-type="media"}a, b), suggesting that METTL1-mediated m^7^G RNA modifications might regulate the translation of stem cell markers. Fig. 3METTL1-mediated m^7^G methylation is required for OCT4, Nanog, and SOX2 translation in hiPSCs. **a**, **b** Effects of METTL1 KD on stem cell marker expression. **a** qRT-PCR analysis assessing the mRNA levels of OCT4, Nanog, and SOX2 in control and METTL1-KD hiPSCs. **b** Western blot showing OCT4, Nanog, and SOX2 protein levels in control and METTL1-KD hiPSCs. **c**, **d** Effects of METTL1-KD on translational efficiency of stem cell markers. **c** Schematic representation of the sucrose gradient procedure followed to isolate ribosome-free and ribosome-bound RNAs. **d** Total and polysome-fractionated RNAs from control and METTL1-KD cells were quantified by qRT-PCR, and translational efficiency was presented as relative percent of polysome associated mRNA to input mRNA of indicated stem cell markers. **e** Anti-m^7^G Northwestern blots (upper panel). RNAs were separated on TBE-urea gels, transferred to nylon membranes, and probed with anti-m^7^G antibodies. Expression was compared to total RNA controls (lower panel). **f** Quantification of relative m^7^G levels. **g**, **h** Rescue of stem cell markers expression by the exogenous expression of METTL1-WT but not an enzyme-inactive mutant (Mut). **g** Western blot analysis of reconstituted hiPSCs. **h** Anti-m^7^G Northwestern blot of m^7^G modifications (upper panel) and agarose gel electrophoresis of total RNA (lower panel) in METTL1-mutant samples. **i** Quantification of m^7^G levels. **j** Rescue of stem cell marker expression assessed by WB analysis. Data are presented as mean ± SEM; *n* = 3; \*\**P* \< 0.01; \*\*\**P* \< 0.001

We next sought to assess the impact of METTL1 silencing on the translation efficiency of stem cell markers. To this end, control and METTL1-KD hiPSCs were subjected to polysome fractionation via sucrose gradient centrifugation (Fig. [3](#Fig3){ref-type="fig"}c) and the mRNA levels of stem cell markers in each of the fractions were measured by qRT-PCR. We found that the polysome-bound mRNA levels of these markers were significantly decreased in METTL1-KD hiPSCs (Fig. [3](#Fig3){ref-type="fig"}d), indicating that the translation efficiency for pluripotency genes, including OCT4, Nanog, and SOX2, was remarkably decreased when METTL1 was silenced.

We next performed an anti-m^7^G northwestern assay to assess whether m^7^G modifications were altered in METTL1-KD hiPSCs. We observed that the m^7^G signal was lost in the RNAs of METTL1-KD cells (Fig. [3](#Fig3){ref-type="fig"}e, f). We also assessed whether the exogenous expression of METTL1 in METTL1-KD cells could rescue the defects in RNA methylation (Fig. [3](#Fig3){ref-type="fig"}g). We found that transfer of METTL1-WT, but not a catalytic inactive mutant, into METTL1-KD hiPSCs rescued m^7^G modifications on RNAs (Fig. [3](#Fig3){ref-type="fig"}h, i). Moreover, METTL1-WT also rescued the expression of OCT4, Nanog, and SOX2 in METTL1-KD cells (Fig. [3](#Fig3){ref-type="fig"}j). These findings indicated that METTL1 deficiency impacted hiPSC pluripotency by impairing the translation of three key pluripotency genes.

METTL1 silencing accelerates hiPSC differentiation into embryoid bodies and promotes the expression of angiogenesis-related genes {#Sec23}
---------------------------------------------------------------------------------------------------------------------------------

HiPSC cells can spontaneously aggregate and form embryoid bodies (EBs) in vitro which comprised all three embryonic germ layers. Since our results suggested a potential role of METTL1 in hiPSC differentiation, we conducted an EB formation assay. To ensure the homogeneity of EBs, we used ultra-low attachment 96-well spheroid microplates to induce EB formation (Fig. [4](#Fig4){ref-type="fig"}a). HiPSCs formed EBs 6 days after seeding, and the EBs formed by METTL1-KD hiPSCs were significantly larger than those formed by control hiPSCs (Fig. [4](#Fig4){ref-type="fig"}b). We also assessed the expression of different lineage-specific markers and found that METTL1 knockdown resulted in increased expression of mesoderm- and endoderm-lineage markers, while the expression of ectoderm markers was reduced (Fig. [4](#Fig4){ref-type="fig"}c). Fig. 4METTL1 silencing accelerates embryonic body formation and increases the expression of angiogenesis-related genes. **a** Schematic diagram showing the EB spheroid formation process. Cells were seeded on ultralow attachment 96-well spheroid microplates to induce EB formation. **b** Representative images and quantification of EB formation in control and METTL1-KD hiPSCs on day 6. Scale bar, 50 μm. **c** qRT-PCR analysis assessing the mRNA levels in control and METTL1-KD EBs. **d**, **e** Gene ontology analysis showing functional enrichment in biological process in genes downregulated and upregulated in METTL1-KD EBs. **f** qRT-PCR analysis assessing the mRNA levels of angiogenesis- and vasculogenesis-related genes in control and METTL1-KD EBs. **g** GSEA showing enrichment of the mesoderm and cardiovascular development gene signatures. *Y*-axis indicates enrichment score (ES), while the *X*-axis indicates positively and negatively correlated gene sets. **h** KEGG pathway analysis of genes upregulated in METTL1-KD EBs. Data are presented as mean ± SEM; *n* = 3; \**P* \< 0.05, \*\**P* \< 0.01; \*\*\**P* \< 0.001

We also performed RNA-seq analysis in day 6 METTL1-KD-derived and control EBs. GO enrichment analysis of DEGs revealed enrichment of neuroectoderm markers, as well as genes involved in neuron differentiation and nervous system development among the downregulated in METTL1-KD EBs genes (Fig. [4](#Fig4){ref-type="fig"}d). Interestingly, a significant enrichment of genes involved in the regulation of angiogenesis and skeletal system development, which arises from mesoderm, was observed in the upregulated genes (Fig. [4](#Fig4){ref-type="fig"}e). Consistent with the RNA-seq findings, qRT-PCR confirmed the differential expression of mRNA expression of angiogenesis- and vasculogenesis-related genes (Fig. [4](#Fig4){ref-type="fig"}f). Moreover, we compared the change in gene expression levels for key pluripotent markers (Fig. [S4](#MOESM4){ref-type="media"}a). We found that there were significant changes in multiple pluripotent factors regulating the stem cells, including SOX2/OCT4 and NANOG (Fig. [S4](#MOESM4){ref-type="media"}b). According to literature reports, the upregulation of OCT4 and the downregulation of Nanog and SOX2 would force the stem cells to differentiate toward mesoderm \[[@CR22]--[@CR26]\], which coincide with our results. Gene set enrichment analysis (GSEA) indicated that mesoderm development and cardiovascular system development gene signatures were enriched in genes upregulated in METTL1-KD EBs (Fig. [4](#Fig4){ref-type="fig"}g). Furthermore, KEGG pathway analysis showed that numerous pathways associated with angiogenesis and vasculogenesis were significantly differentially regulated (Fig. [4](#Fig4){ref-type="fig"}h).

Overall, our data reveal that METTL1 silencing promotes embryonic differentiation in vitro and induces the expression of mesodermal markers, polarizing stem cells differentiation toward mesoderm lineages and promoting angiogenesis and vasculogenesis.

METTL1 knockdown enhances teratoma formation in vivo by promoting cell proliferation and angiogenesis in nude mice {#Sec24}
------------------------------------------------------------------------------------------------------------------

We then sought to assess whether teratoma formation in vivo was affected by METTL1 silencing. To this end, we injected control and METTL1-KD hiPSCs into the posterior limbs of BALB/C nude mice (Fig. [S5](#MOESM5){ref-type="media"}a). Teratoma formation was observed at 6 weeks post-injection; we observed that METTL1-KD-derived teratomas had a significantly increased volume and weight compared to control teratomas (Fig. [5](#Fig5){ref-type="fig"}a, b; Fig. [S5](#MOESM5){ref-type="media"}b). Fig. 5METTL1 knockdown accelerates teratoma development and angiogenesis in nude mice. **a** Teratomas formed 6 weeks post-injection in BALB/C nude mice. **b** Teratoma weight and volume were quantified; *n* = 5. **c**, **d** Immunohistochemical analysis of teratomas from METTL1-KD or control hiPSCs. Scale bar, 2.5 mm and 250 μm, respectively. Quantification of cell number is shown. **e** Quantification of CD31, vWF, VEGFR2, and SM22α mRNA levels in teratomas from METTL1-KD and control hiPSCs; *n* = 7 for tumor and control samples. **f** Representative western blot images for CD31, METTL1, and SM22α protein levels in teratomas from METTL1-KD hiPSCs and control hiPSCs; *n* = 3. Data are presented as mean ± SEM; \**P* \< 0.05; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001

We also investigated if the enhanced teratoma formation was due to increased differentiation of hiPSCs, as observed in the EB formation assay. H&E staining revealed that both the METTL1-KD-derived and control teratomas were fully differentiated into the three germ layers (Fig. [S5](#MOESM5){ref-type="media"}c). These results indicated that hiPSCs maintained their ability to differentiate into cell types derived from all three primary germ layers despite METTL1 silencing. However, immunohistochemical analyses revealed a decreased number of cells expressing the ectodermal marker pan-cytokeratin METTL1-KD-derived teratomas, while the number of cells expressing the mesodermal marker vimentin was increased (Fig. [5](#Fig5){ref-type="fig"}c, d). Ki67 expression was also increased in METTL1-KD-derived teratomas, suggesting a higher number of proliferating cells. Moreover, a lower number of cells expressing the neural differentiation marker NeuN were detected in METTL1-KD-derived teratomas. In contrast, METTL1-KD-derived teratomas contained increased levels of the vascular endothelial cell marker CD31. qRT-PCR confirmed the increased levels of CD31, vWF, VEGFR2, and SM22α expression in METTL1-KD hiPSC-derived teratomas compared to control hiPSC-derived teratomas (Fig. [5](#Fig5){ref-type="fig"}e, f).

METTL1 knockdown promotes angiogenesis in vivo {#Sec25}
----------------------------------------------

To further confirm the increased neovascularization observed in METTL1-KD-derived teratomas, the expression of the surface markers of neovascular endothelial cells and vascular smooth muscle cells (VSMCs) CD31 and SM22α was quantified in sections from METTL1-KD-derived and control teratomas; the number of cavities per high power field (hpf) and the relative tube area were also calculated (Fig. [6](#Fig6){ref-type="fig"}a). Consistent with our previous findings, we found that METTL1 silencing enhanced the formatting of new blood vessels by endothelial cells and VSMCs. Furthermore, the numbers of CD31-positive ECs and SMA-positive VSMCs were significantly increased in METTL1-KD-derived EBs compared to the control EBs (Fig. [6](#Fig6){ref-type="fig"}b). These results indicated that METTL1 suppresses angiogenesis in vivo, as the formation of a vascular network was profoundly enhanced in METTL1-KD-derived EBs. Fig. 6METTL1 silencing promotes angiogenesis and increased CD31 and SM22α expression in teratomas. **a** Representative images from control and METTL1-KD2 teratomas stained for CD31 (red), and SM22α (green); nuclei were counterstained with DAPI (blue). The number of cavities per hpf and relative tube area were determined using ImageJ software. Scale bar, 50 μm. **b** Representative images of vessels at high magnification (× 100) and quantification of CD31 and SM22α intensities in control and METTL1-KD teratomas; nuclei were counterstained with DAPI. Scale bar, 10 μm. Data are presented as mean ± SEM; *n* = 3; \*\**P* \< 0.01, \*\*\**P* \< 0.001

Discussion {#Sec26}
==========

The use of iPSCs can overcome the ethical issues of ESCs and is considered as a promising alternative for drug screening, disease modeling, and development of clinical treatments \[[@CR27]--[@CR29]\]. The molecular mechanisms underlying self-renewal and maintenance of pluripotency in iPSCs have been extensively studied. The stem cell genome undergoes reversible epigenetic modifications that regulate gene expression and dictate cell development and differentiation \[[@CR8], [@CR11], [@CR30], [@CR31]\]. In our previous study, we reported that METTL1-deficient mouse ESCs display defective self-renewal and neural differentiation \[[@CR13]\]. However, the exact molecular mechanisms by which METTL1 regulates pluripotency and differentiation of stem cells remained unknown.

RNA-seq analysis in METTL1-KD hiPSCs revealed an apparent downregulation of genes involved in maintaining stem cell self-renewal and pluripotency, including BMP4, FGF2, and WNT2. Simultaneously, various pathways associated with stem cell regulation were significantly downregulated \[[@CR32], [@CR33]\]. P53 signaling pathway has been considered to play an active role in promoting cell apoptosis and also plays a critical role in inhibiting the cell cycle of ESCs \[[@CR34]\]. The upregulated p53 signaling pathway will lead to ESC differentiation \[[@CR35], [@CR36]\]. In our study, we found that although p53 signaling pathway is significantly inhibited in METTL1-KD hiPSCs, the self-renewal and stability of METTL1-KD hiPSCs were impaired. This may be due to the extensive influence of METTL1 on other signaling pathways that regulate hiPSCs. For example, the METTL1 regulated FGF/TGF-β/Wnt signalings play critical roles in maintaining the stability of stem cells \[[@CR37], [@CR38]\].

Changes in cell cycle regulation are also closely associated with stem cell fate \[[@CR39], [@CR40]\]. The cell cycle in stem cells is characterized by a faster G1 phase and extended S phase \[[@CR41], [@CR42]\], and hiPSCs maintain pluripotency through rapid self-renewal and inhibition of cell differentiation. Our findings suggested that METTL1 silencing resulted in cell cycle arrest in hiPSCs, with a potential impact on their self-renewal, which was in accordance with the previous studies that have demonstrated METTL1's involvement in cell cycle regulation and pluripotency in mESCs \[[@CR13]\].

Recent studies have shown that METTL1-mediated m^7^G methylation is not restricted to tRNA but also occurs on mRNAs and miRNAs, increasing translation efficiency and miRNA processing, respectively \[[@CR43], [@CR44]\]. Our polysome profiling revealed that suppression of METTL1-mediated m^7^G tRNA modifications in hiPSCs resulted in a marked decrease in translation efficiency of the stem cell transcription factors OCT4, SOX2, and Nanog. We showed that METTL1 knockdown reduced m^7^G tRNA modification and decreased the mRNA translation of stem cell transcription factors. However, whether m^7^G modification on RNAs other than tRNAs contributes to this process requires further investigation.

Next, we verify the role of METTL1 in differentiation in hiPSCs; we performed EB formation assay in vitro. The results showed that METTL1-KD hiPSCs tended to differentiate into mesoderm including neovascularization while inhibiting neuroectoderm differentiation. The latest research of our team also showed that METTL1 can promote the ability and function of hiPSCs to differentiate into endothelial progenitor cells (EPC) in vitro \[[@CR45]\]. In addition, hiPSCs with pluripotency can differentiate into teratoma with three germ layers in mice \[[@CR46], [@CR47]\]. We found that teratomas derived from METTL1-KD hiPSCs exhibited lower levels of ectoderm markers and increased levels of mesoderm markers, consistent with our EB formation results and further supporting the role of METTL1 in the regulation of germ layer differentiation. Consistent with increased polarization toward mesoderm fate after METTL1 silencing, we observed increased vascular CD31^+^ blood vessels in METTL1-KD teratomas. The increased vascularization might explain the fact that the downregulation of METTL1 in hiPSCs enhanced in vivo tumor formation and progression. Angiogenesis is essential for embryonic development, as well as for tumor initiation and progression. Increased angiogenesis is often associated with enhanced cancer cell proliferation and tumor growth \[[@CR48]\], which might explain why METTL1-KD teratomas exhibited increased cell proliferation and enhanced growth.

Taken together, the results of our study highlighted the role of METTL1 in the processes of pluripotency maintenance, self-renewal, and differentiation of hiPSCs. Our findings indicated, for the first time, the physiological function of METTL1 in hiPSCs and that METTL1-mediated m^7^G methylation is essential for translation of pluripotency transcription factors. Our findings also suggested that METTL1 suppresses angiogenesis by inhibiting mesoderm differentiation (Fig. [7](#Fig7){ref-type="fig"}). More importantly, since hiPSCs offer a powerful tool to model human ontogenetic processes in vivo and in vitro \[[@CR46], [@CR49]\], the findings of this study have strong implications in human embryo development research. However, the molecular mechanisms underlying the regulation of METTL1 during these processes require further investigation. Understanding how m^7^G on mRNAs and tRNAs are dynamically regulated in stem cell differentiation may provide improved strategies for the treatment of neurological and vascular diseases. Fig. 7A graphic for the role of METTL1 in regulating stem cell pluripotency and differentiation. METTL1-mediated m^7^G methylation is essential for the translation of pluripotency transcription factors. METTL1 knockdown impairs neurectoderm formation while accelerates mesoderm differentiation and vasculogenesis/angiogenesis

Conclusion {#Sec27}
==========

This study aimed at assessing the biological relevance and exact mechanisms by which METTL1 regulates pluripotency and differentiation in human induced pluripotent stem cells (hiPSCs). In summary, the results of this study make a significant contribution to the literature for our findings demonstrated that METTL1 is essential in maintaining pluripotency in human stem cells. We found METTL1 silencing resulted in alterations in the global m^7^G profile in hiPSCs, as well as reduced the translational efficiency of stem cell marker genes. METTL1-KD hiPSCs exhibited reduced pluripotency with slower cell cycling. METTL1 silencing also skewed hiPSC differentiation toward the mesoderm fate and suppressed neuroectoderm differentiation both in vivo and in vitro.
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###### 

**Additional file 1: Figure S1.** Identification of METTL1-modulated genes by RNA-seq. a qRT-PCR and WB analyses of METTL1 expression levels in KD, WT, and control cells. b Heatmap showing differentially expressed genes involved in neurectoderm development. Each lane corresponds to an independent biological sample. Upregulated and downregulated genes are shown in red and blue, respectively. **c** KEGG pathway analysis of genes upregulated in METTL1-KD hiPSCs.

###### 

**Additional file 2: Figure S2.** METTL1 regulates cell cycle progression in hiPSCs and morphology of ESCs. a qRT-PCR analysis assessing the mRNA levels of cell cycle markers in METTL1-KD and control hiPSCs. b Western blot assessing the protein levels of cell cycle regulators. Images are representative of three independent experiments. c Colony-formation assay using METTL1-KD and control hESCs. Representative images and colony quantification data are shown. Data are presented as mean ± SEM; *n* = 3; \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001.
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**Additional file 3: Figure S3.** METTL1-mediated m^7^G methylation is required for OCT4, Nanog, and SOX2 expression in ESCs. (a- b) qRT-PCR and WB assessing the mRNA and protein levels of Oct4, Nanog, and Sox2 in METTL1-KD and control H1ESCs (a) and H9ESCs (b) cells. Data are presented as mean ± SEM; n = 3; \*\*\*, *P* \< 0.001.
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**Additional file 4: Figure S4.** Expression of pluripotency genes on METTL1-KD and control hiPSCs derived EBs. (a) Heatmap showing DEGs involved in stem cells pluripotency pathways. Each lane corresponds to an independent biological sample. Scale bar: log2 FPKM. (b) qRT-PCR analysis assessing the mRNA levels of OCT4, Nanog, and SOX2 in control and METTL1-KD derived EBs. Data are presented as mean ± SEM; n = 3; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001.

###### 

**Additional file 5: Figure S5.** METTL1 knockdown promotes teratoma differentiation in nude mice. a Schematic diagram summarizing the procedure of subcutaneous injection of matrigel solution containing METTL1-KD hiPSCs or control hiPSCs into 5-week-old BALB/C nude mice. b Tumors were isolated 6 weeks after injection. c Haematoxylin and eosin (HE) staining of the teratoma tissues. The development of three germ layers (ectoderm, mesoderm, and endoderm) was evident in the teratoma tissue.

###### 

**Additional file 6: Table S1.** List of culture mediums and chemical reagents used in this study. **Table S2.** List of primary and secondary antibodies used. **Table S3.** Cell lines used in this study. **Table S4.** Sequences of the primes used in this study. **Table S5.** Components of polysome cell extraction buffer.

FBS

:   Fetal bovine serum

KSR

:   Knockout-serum replacement

AP

:   Alkaline phosphatase

DEGs

:   Differentially expressed genes

EBs

:   Embryoid bodies

ESCs

:   Embryonic stem cells

FDR

:   False discovery rate

RPKM

:   Reads per kilobase of transcript per million mapped reads

GSEA

:   Gene set enrichment analysis

GO

:   Gene ontology

HE

:   Hematoxylin and eosin staining

IHC

:   Immunohistochemistry

KEGG

:   Kyoto Encyclopedia of Genes and Genomes

m^7^G

:   7-Methylguanosine

2-Me

:   2-Mercaptoethanol

NEAA

:   Non-essential amino acid

MeRIP-Seq

:   Methylated RNA immunoprecipitation sequence

RT-PCR

:   Quantitative real-time PCR

RNA-seq

:   RNA sequence
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